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TUNING PERMANENT MAGNETS WITH ADJUSTABLE FIELD CLAMPS*

R. I. Schermer, MS-H808
Los Alamos National Laboratory, Los Alamos, NM 87545

Abstract
The effective length of a permanent-magnet assembly

can be varied b adjusting the geometrical parameters of a
field clamp. %his paper presents measurements on a
representative di ole and uadrupole as the field clamp is

! %wlt$&awn axial y or ra utlly. The detailed behavior
depends u n the magnet multipolarity and geometry. As

ra rule-of-t umb, a 3-mm-thick iron plate placed at one end
plane of the magnet will shorten the length by one-third of
the magnet bore radius,

Introduction
Although it is inconveniwtt ta alter the o tical

rproperties of a magnetic element formed sole y of
permanent magneta, in accelerator applications it is ofien
desirable to do SO.In particular, it may prove necessary to
alter the stren

r’
of the element, that 1s, the

r
adient-x-

length integra for a quadruple or the fie d-x-length
in~~al for a dipole, For instance, the achievable magnet.
fabr~cation tolerance (ty ically 1%) may be insutliciently
precise for the intende ! use; the optimum beam tune
might re uire trial-and-error variation around the

‘1theoretical y predicted parameters; or a change in particle
t pe, energy, or current would force an alteration in
Ye ement parameters,

It is possible to conceive of various techniques for
a~usting

r
rmanent-magnet optics.1 elements, each

tichnique aving its own set of advantages and dis-
advantages, At one limit of so histication, n desi

\ r
has

been proposed for a driil-tu e quadruple) at is
continuously tunable, in situ, over a broad strength ran~e,
and a prototype has been constructed.’ At the op~oslte
limit~ the magnet construction techni ue may perrmt one

%to shim the sition of the magnet bloc s, thus achieving a
rdegree of a “uutment at the cost of some disassembly, It is

the purpose of this pa er to point out that the stren $ of
an element mhy alao !s Fdecreased sim ly by end p ates,

!formed of ferroma etic material, that refer to as “field
rclamps” because u their geometric shape and location,

Field chrn~s have s:veral ndvantsges in practice,
particularly If onl

2
a one-time, modest strength

a@.tstment is desire , Fir~t, the end-plate material may
be added without disturbing the exieting magnet. This is
especially attractive in a large ma~at, built from
multiple blocks, in which ahimmin

A
Individual blocks

may be di~.cult or even hazardous, e magnet need not
be removed from the besmline if experimental meamire.
menta to determine clamp parameters were obtained prior
w installation. Sccortd, as a nonadjustable clamp consists
of an iron wauher and some altvuinum spacem, it is sim Ie

fto fabricau and install, An importxmt feature in us ng
field clamps is that it io unnecessary to denl

E
for their

presence ahead of time; t+erefore, they ma,y ●dded to
oxistinfl ma

r
ate, Finally, one can conca,ve of various

mechanical e$~ices that permit one to alt4r the clamp
geometry m mtu, resulting in a continuously tunable
ma et,

F he msj~r disadvantn e tttpreserit Is that the clamp
?geometry cnnr,ot be calcu ated, but must be determined

experimental]
#

The clamp certainly ●ltae the ~hapo of
the magnet rtnge fleldo, which mu be important in
certain applications, In adriition, In esi

‘F
ing a tunah!e

system, it may h necessary to deal with airly aignlflcant
forces,

$
ual{tatlve Effect of a Field Clam

fHalbac has dhcuomd the radial$ and axin 4** variw
tirm of the mar,netic flald outJide the permanenbmngnet

~;rk .~iror ~d ndlr the tusp cw of th U S DC rtmwtt of l!nor~
.nd wpported’ky t’fr. L 9 Army ~tr.t.gich/.,l” &mm.nd

FTForm~~m9for frIn@Qneid~ from dl~,l.g ●ro glv.n In unpuhliohod

lwtur~ nomo

volume. Consider a Z?N- le magnet constructed of M
~ 1$=2 fora quadruple, etc. Theblocks; N = 1 for a di le,

two-dimensional fie d radially outside the ma et has
Pangular symmetry of degree (M-N). If a stee tube is

placed around the magnet, t e tube will be magnetized
with this angular pattern, For instance, if M = 8 and
N =2, (M-N)= 6; the tube will produce 12-pole and will not
affect the uadrupole field in the beam region. Therefore,

!a tube w:I not serve to alter the strength of an optical
element constructed of permanent magnets. The tube will
act as a shield, but because t+e field outside the magnet
volume varies with a radius like r-’~-~ +‘), the fields are
very small and the shield is necessary only in special
cases.

In the axial direction, however, significant msgnet.ic
fields exist to a distance of the order of one magnet bore
diameter beyond the end lanes. A piece of iron laced in

1’ kthis region will affect the undamentsl multipole i and all
harmonics. (Harmonics can be adjusted b controlling the

#s,yrnmetry of the iro~. ) The iron has two e ecta on the field
distribution. Firat, like any field clamp, it “cuts off’ the
axial extent of the field tQ a degree that depends u on the
axial position and bore radius of the field clamp. L.cond,
by providirig a low-relucmnce path, the iron artially

J“shorts” the closest ennanent-magnet blocks an reduces
the field enerated y them in the magnet here. Thus. an

{[iron was er in one magnet end plane can reduce the

his aper pmsent,a experimental measurements of
‘aFets!’0n@bymore*an50%several c amp configurations on one quadruple and one
di~ole. The results are widel a plicabla, however, ‘The

H’magnets am both constructs o sight square blocks, as
:m~rin Fig. 1. All such magneta are geometrically

It follows that the reaulta, 6X ressed in
Ydimens~onlese coordinates, will be valid for a 1 magnets

constructed with ei hts uare blocks, All dimensions are
‘1 ?expressed as multtp es o the bore radius r, of Fig, 1, All

$
stren ha are expressed as a fraction of the value obtsi ned
with e field clamp removed. Further, results for a single
manet disc of axial lenuth L can be transformed into
res;lta for a magnet con;h’ucted of any number of such
discs and,
length,

thus, -into results for a mdgnet of arbitrary

Fig I Arrangomont ofolght, mquar~,pmman.ntmsgnet trlcwks,
ohowing OMY -NIB ofmn~ctlatlon for (a) dipole and (b} q.. irlrup)l~
Ths block Inner radiuu, r,, ISwed ● a rdarm)ct dlrrwnsmn in

mialyslng tho caperlmmtal rawltc

Rx erlmenh Quadruple
1’The quadrupo e ma~et was cimetructed of ei#rt

NdaFel~13 biocks, 2,54 cin square by 1,27 cm thick,
mounted iu an aluminum holder so as to establish n bhjck
Inner radius of 3,51 cm, Quadruple mtrength nn a functifon
of fleid clamp pammekm was determined by using R



s ectrum enal~zer to measure the voltige generated b
“b iaorgan5 coil,’ radius 2.31 cm, rotating at 10.0 Hz, T 1s
arrangement also determined harmonic content.

The first ex eriment used a solid-steel washer (),32 cm

/thick, with a ,51-cm inner radius, and a 7,62-cm outer
radius at one end of the msgnet. Figure 2 shows the
normalized magnet strength S as a function of the
normalized spacing Z = ur

F
where z was measured

between roximal surfaces o the field clamp and magnet
blocks. f he field clam is not quite thick enough and

E’saturates at Z=O. Dou hng the field clamp thickness
further reduces S h 0.45 atZ=O.

0.0 0.4 0.8 12 16

z

Fig 2. Fraction of quadrupde strength VI normalirmd spacing of field
clamp Clmmp is moved axially from one end of 1 27.cm-long magnet
Points ●re experlm~ntal data connected by a smooth curve

The lowest “allowed harmonic” in an iron-fre~, ei hh
!block, permanent-ma ot quadruple is n = 10. The leld

clamp introduces r uodecapole, n =6, familiar from
conventional magneta with iron poles, Figure 3 shows the
fraction of n =6 at radius 2,31 cm as a function of Z, The
large valuea at small Z are alao a result of saturation. The
harmonic content can be controlled by removin iron at

%the Keld clamp id, at azimuthal positions 0“, 1 O“, and
i90° in Fig, l(b), This alao red!lces the effect of the field
clamp on strength, however,
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Fit 3 I%ction of harmonic n = 0 ve normalized upacins of field

cliimp Clampim moved ●xIsllv frotnone end of 1 27 cm.lon~ mhgnot
Potntm ●rt a~perlmental data connected by ● nmooth curve

Although this experiment was performed on a single

L
uadrupole dim 1,27 cm th!ck, it can be uned to calculate
e effect on a ma et comtructed b sxial oteckin of

‘r $ +multipie dim, Wit reference to Fig, ., n washer at .=0
roducas the strength of the Iiearett magnet disc to S = 0.47,
Tha next mm

P
et disc, 1,27 cm from the washer, or

2=(),362, has temrength reduced t0S=0,81, and so forth
In general, conaidw ● magnet ccnsistinti of discs Iabelled
horn i =1 to i=t and ● ciamp at distance Z from disc i = 1.
The opacing between the clamp and disc i Is

The strength of this disc is read from Fi 2 as S(Z,), and
the strength reduction is [1 k- S(Zj)l. T e total stren~ch
reduction for the magnet assembly IS

,-)

As = : [1-s(2, ) I
1. I

The uantity AS= 1.00 is equivalent to removing a
‘1length o 1.27 cm from a magnet with r, =3.51 cm, In

general, the decrease AL in magnet effective length is

AL= 1.27 AS(rl/3.51)cm .

Figure 4 presents the quantity (1.27 AS ) for a very
lon magnet. Figures 2-4 all refer b the effect of a single

ifiel clamp. The effects will be additive if a field clamp is
used at both ends of th$ magnet.

1.2) r I
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Fig 4. Dwetee in efhctivo length of u very long quadrupol~ VS nor-

malized c~cing of fh!d clamp Curve calculated from data in Fig 2

The ●bove cnlcuhition could alao be performed ta

!
redict the n = 6 component, using the data of Fig. 3. The
raction of n=6 becomes quite small as ma~et length

increaees because of the rapid decreaae in S8with Z.
In a eecond experiment, the above field-clamp washer

waa sawed in’m four, pie.shaped eegmente and mounted on
a fixture eo that the eegrnente could be withdrewn
radially, The ‘apparatus is pictured in Fi

F’
5. The same

!
uadrupole disc was amployed as above, l~re 6 shows
ata for normalized stren h S as a function of raditil

r
sition R, a ●in ex reaae ●s ● fraction of mngnet-biock

nnerradiut;% ~ ~~= 1,0 correa nda b all segments inaertefl
ta a radius of 3,51 cm; R= ,00 corresponds w a furthef
outward dis Iacemant of 3.51 cm, Because of the saw ~erf

rvisible in F g, 5, the eegrnnnte do not quite fill the entire

0’,’ .’’$. ’,4’.’. t,,
t.- -0

Zl=Z+0,302(i .- 1) ,



m
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Fig 6 Fraction ofquadrupole strength vs normalized radial position
of field clamp, two orlentauons of gaps between clamp pieces with

respect toaxee in Fig l(b) Clamp and magnet shown m Fig 5

ring at R= 1,0, and the S value is not as low as in Fig. 2.
The gaps between the segments become wider as the
segments are withdrawn, and there is some de endence of

zS on the orientation of these grips. In Fig. , the curve
labe]led 0°, means that the gaps between segments occur
at an les O, 180, and t90” as defined in Fig. l(h). The

5curve abelled 45° means that the gaps occur at *45” and
* 135”.

Experiment Dipole
The dipole magnet was constructed of eight blocks rf’

SmCos, each 1.52 cm square b 1.27 cm thick, mounted
Jwith a block inner rad~us of .06 cm. The field-clamp

washer was 0,32 cm thick with a 1,91-cm inner r%dius and
a 4,45.cm outer radius, Dipole strength measurement@
were made using an inte~ating fluxmeter and a long,
multiwire coil rotated 360 in the dipole field; harmonics
were not memured. All data were corrected for the earth’s
field. Figure ‘Tshows the normalized dipole strength S asa
function of normalized spacing Z. Spacing was measured
between the proximal surfaces of the magnet blocks and
field clamp and is expressed as R fraction of block inner
radius. Some field-clamp saturation is evident at Z =0. As
for the quadruple, these data can be integrated to provide
a result for a magnet ofarbitrary length

r-y’
Oa 1

(0

or

00v I
o B~..—.- 1

00 04 08 !2 10 20

F17 7 Fraction of dipole ntr~ngth vs normolimd spacing of flelri
clsmp Clamp ia moved amally from one end of I 27 cm.lonu magnet
Points ●re ●xper{mwttal data crrnnected by - smooth curve

Practical Example: Dipole
Recently, we were re uired to produce a bending

8magnet with a strength of ,0160 T.m by axially stackin
four of the nbovr dipole discs. Further, it was require !

that the dipole strength over a c lindrical re on outsideof
~ ? $,sfield. Thisthe magnet be as close as posslb e to the ear

region was 1.9 cm in diameter, centered 10.0 cm from the
ma

F
et axis.

he solution was to enclose the magnet assembly in a
steel c linder, as indicated in Fig, 8.

Y
Tuning was

accomp lshed by varying the diameter of the holes in the
end plates and the axial

r
sition of the magnet inside the

cylinder. T1.e stael cylin er, with a wall 0.64 cm thick, has
an ID of 8.89 cm that just slips over the OD of the magnet
holders, The cylinder is 2.54 cm longer than the magnet
assembly.

Fig 8 Dipole with fringe. field shielding tube and end clamps

The bare ma et assembly had a strength of
“r0.01738 T-m. Wit the magnet centered axially in the

cylinder but without end caps, the strength increased to
0.01750 T-m. End caps with holes 3.81 cm in diameter
reduced the stren h to 0.01520 T-m, Finally, using end

rcaps with holes 5. 8 cm in diameter, the stren h could be
Fvaried between 0.01638 T.m and 0.01602 -m as the

magnet was moved axially from center to within 0,32 cm
of one end cap,

Summary
The strength of permanent. magnet dipoles and

uadrupoles can be a~usted simply b the use of iron field

7{
Yc am s nt the magnet ends. Crit]cal c amp parameters are

the 1 and axial epacing, expressed in tams of the magnet
ID, If the field clamp does not form a com lete circle,

‘tangular orientation is important. Clamp thic ness has a
emall effect under extreme conditions Clamp OD is
unimportant if it ia larger than magnet-block OD,

I
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